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DEVICE FOR PROVIDING A HIGH ENERGY
X-RAY BEAM

AREA OF THE INVENTION

The present invention concerns the area of analytical X-ray
(RX) instrumentation. More precisely, 1t concerns a device to
deliver an X-ray beam at high energy, typically more than 4
keV, for analytical applications using X-rays.

STATE OF THE ART

The invention applies to X-ray analytical instrumentation
of different types (X-ray diffraction, X-ray fluorescence,
small-angle diffusion, reflectometry) notably used for
research into materials or in X-ray metrology for the fabrica-
tion of semiconductors.

As an example of X-ray mstrumentation applied to mate-
rials research, mention may be made of applications such as
protein crystallography or the analysis of nanomaterials by
small angle diffusion.

As metrology applications for the fabrication of semicon-
ductors, mention may also be made of applications such as
measurement of thickness or roughness of thin layers, or of
thin layer stacking by X-ray reflectometry, texture analysis of
crystalline or polycrystalline thin layers by X-ray diffraction,
or the analysis of lithography patterns (critical dimensions,
ctch profiles) by small angle diffusion.

Said areas of application require an X-ray beam having
perfectly defined beam properties 1n terms of angle distribu-
tion (divergence or convergence), space and spectral distri-
bution with strict volume constraints 1n space (integration
into industrial equipment).

The first systems developed to deliver X-rays comprised an
X-ray source with micro-focus (of size typically less than 50
micrometers), the source being coupled with an X-ray optic
(monochromator for example) allowing special conditioning
of the beam emitted by the source. Nonetheless said systems
offer limited brilliance, notably on account of the micro-focus
source used which 1s a source with fixed anode (sealed tubes)
and therefore do not allow high power operation.

Yet, the performance level of systems delivering X-ray
beams for the above-described applications 1s directly related
to the brilliance of the source. The brilliance of a source 1s
defined as the quantity of photons emitted by the source
within a unit solid angle 1 umt time per unit area of the
apparent focus of the source, for energies defined by a given
spectral width (ph units/s/mm~/mrad2/unit spectral width).

In particular, applications such as protein crystallography
(fast rate crystal analysis) or thin layer metrology applica-
tions for the fabrication of semiconductors require effective
flux levels having a higher order of magnitude than those
obtained with X-ray beam delivery systems based on sealed
tubes.

It has therefore been proposed to use source/X-ray optic
assemblies using sources with rotating anodes. Source-optic
coupling for these types of applications 1s notably described
in U.S. Pat. No. 6,823,042.

Prior art sources with rotating anodes integrate electron
guns operating at high power (typically from 700 W (Watts)
to 2 kW) which, on the X-ray target located on the edge of the
rotating anode, focus electron beams in an elongate shape
whose smallest dimension typically lies between 70 and 100
micrometers the second dimension typically being 5 to 10
times greater than the small dimension.

The powers used make 1t possible to obtain satisfactory
brilliance for the applications under consideration. However,
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the anode needs to be cooled to prevent 1ts Tusion or sublima-
tion. This 1s why, 1n addition to rotation of the anode which
limits heating, 1t 1s necessary to make provision for a cooling
system. Therefore, the system proposed in U.S. Pat. No.
6,823,042 integrates a water cooling system for the rotating,
anode (by forced convection of a heat exchange liquid 1nside
the anode) with a rotation system with bearings.

It 1s to be noted firstly that the brilliance of said configu-
ration remains limited since the use of a system with bearings
limits the rotating speed and hence the travel speed of the
X-ray target under the electron flux.

Additionally, said sources may have problems of reliability
which may be caused by leakages at the insulation seals of the
cooling system. These leakages may in particular deteriorate
the bearings of the motor systems. To overcome such water-
tight problems, the rotating anodes cooled with water require
sophisticated mechamsms (leak detectors for example) such
as described 1 US 2006/0013364 which may require fre-
quent maintenance and/or major additional costs for the sys-
tem.

Said constraints amount to a major problem for X-ray
beam delivery systems integrated in metrology equipment to
control semiconductor fabrication methods. For these types
of applications only one or two maintenance cycles are
planned per year, which additionally are of short duration (a
tew hours), and any providing of additional maintenance to
replace insulating seals on the rotating anode system would
lead to a substantial drop 1n productivity.

One object of the present invention 1s therefore to propose
a device to deliver a igh energy X-ray beam for the applica-
tions under consideration, with which 1t 1s possible to over-
come at least one of the above-mentioned disadvantages.

One object of the present invention 1s more particularly to
propose a device enabling a high brilliance beam to be deliv-
ered, the system being highly reliable so as to reduce main-
tenance cycles.

A turther object of the mmvention 1s to propose a device
which allows utilization and operating costs of the device to
be reduced.

DESCRIPTION OF THE INVENTION

To achieve these objects, a device 1s proposed to deliver
X-ray beams at energies greater than 4 keV, comprising;:
an X-ray source comprising an electron gun adapted to
generate a continuous beam of electrons on a target
region of an anode for X-ray emission by the anode,
said anode forming a rotating part with a diameter of
between 100 and 250 millimeters, and being joined to
a motor shaft so as to be driven in rotation by a rotation
system,
the electron gun and the anode being arranged 1nside a
vacuum chamber, said chamber comprising an exit
window to transmit an X-ray beam emitted by the
anode to outside the chamber,
means to condition the X-ray beam emitted through the exit
window, the conditioning means comprising an X-ray
optic adapted to condition the emitted X-ray beam for a
two-dimensional optic effect,
characterized in that:
the electron gun 1s designed to emit a beam of electrons
with a power of less than 400 watts, and comprises
means to focus said beam of electrons on the target
region in substantially elongate shape defined by a small
dimension and a large dimension, the small dimension
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lying between 10 and 30 micrometers and the large
dimension being 3 to 20 times greater than the small
dimension,

the rotating anode comprises an emission cooling system

to evacuate, by radiation, part of the energy transmitted
by the electron beam to the anode,

the system to set in rotation comprises a motor with mag-

netic bearings designed to cause the anode to rotate at a
speed of more than 20 000 rpm, and

the exit window 1s arranged so as to transmit an X-ray beam

emitted by the anode, so that the X-ray beam emitted
towards the conditioning means 1s defined by a substan-
tially point-size focal spot whose size substantially cor-
responds to the small dimension of the shape of the
target region.

The presented device allows an X-ray beam to be emitted
from the source characterized by a focal spot of quasi-point
s1ze (micro-focus). As will be seen further on, this makes 1t
possible to increase the electron power density on the target
and hence the brilliance of the corresponding X-ray beam.

In addition, since focusing of the electron beam occurs on
a small target region, this permits a reduction 1n the operating
power of the electron gun, and hence the costs of using the
system (electricity consumption, CO,, emission). It also limaits
heating at the anode.

Additionally, the focusing of the electron beam 1n an elon-
gate shape allows corresponding distribution of heating of the
target region.

With the device, 1t 1s therelore possible to limit heating of
the anode, which allows an anode cooling system to be used
which performs less well than a water cooling system 1n terms
of heat evacuation but which 1s much more reliable, notably
for high speed rotation of the anode.

Preferred, but non-limiting aspects of the device to deliver
an X-ray beam according to the invention are the following;:
the X-ray optic 1s a single reflection optic;
the X-ray optic 1s curved along two orthogonal directions

s0 as to produce a two-dimensional optic effect by single

reflection;

the X-ray optic comprises a multilayer coating;

the exit window 1s arranged 1n the chamber so as to transmit
an X-ray beam whose mean direction forms an angle
with the mean plane of the target region of between 3°
and 20°, preferably between 6° and 12°;

the electron gun 1s arranged so that the beam of electrons 1s
substantially parallel to the motor shatt;

the electron gun 1s arranged on the same side as the rotation
system;

the anode 1s of substantially cylindrical shape defined by
two circular surfaces forming the bases of the anode, the
two surfaces being joined by a side wall forming the
edge of the anode, the electron gun being arranged so as
to focus the beam of electrons on one of the two bases of
the anode;

the anode comprises an inclined portion at the target region
so that the X-ray beam 1s collected by the conditioning,
means 1 a mean direction that 1s substantially perpen-
dicular to the rotation axis of the anode;

the conditioning means are arranged so that the mean
direction of the X-ray beam collected by the optic 1s
substantially radial relative to the anode surface;

the electron gun comprises means to focus the electron
beam so that the large dimension of the target region 1s
radial relative to the base of the anode and the small
dimension lies tangent to the base of the anode; there-
fore, the electron gun comprises means to focus the
clectron beam so that the large dimension of the target
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region 1s arranged radially relative to the anode and
rotation of the anode can occur 1n the direction of the
small dimension;

the conditioning means are arranged so that the inlet of the
X-ray optic 1s placed at a distance from the focal spot of
the X-ray source of between 10 and 30 millimeters;

the device comprises means to shut off the X-ray beam,
arranged at the outlet of the X-ray optic;

the rotation system to drive the motor shaft comprises a
rotor of a turbomolecular pump ensuring a secondary
vacuum 1n at least part of the chamber;

the anode comprises a diamond layer arranged beneath the
target defined by the target region;

the anode has a target thickness of less than 5 um;

the device further comprises means to control the position
of the focal spot, and a control system comprising means
to move the X-ray optic, the movement means capable of
moditying the position of the X-ray optic relative to the
focal spot 1n relation to the variation in position of the
focal spot determined by the control means;

the device further comprises an 1onization chamber
arranged at the outlet of the X-ray optic.

The invention also concerns an X-ray metrology system for

samples, comprising a device to deliver an X-ray beam such
as described above, characterized in that the device 1s rotat-
ably mounted about an axis merging with the motor shaft and
parallel to a mean plane of the sample.

Provision 1s also made for an X-ray metrology system for
samples, comprising a device to deliver an X-ray beam such
as described above, characterized in that the system deliver-
ing the X-ray beam 1s positioned so that the motor shait of the
anode lies substantially parallel to a mean plane of the
sample.

DESCRIPTION OF THE FIGURES

Other characteristics and advantages will become apparent
from the following description which 1s solely 1llustrative and
non-limiting, and 1s to be read with reference to the appended
figures amongst which:

FIG. 1 1s a schematic of a device to deliver a high energy
X-ray beam according to the invention;

FIG. 2a 1s an 1llustration of the take-ofl angle defined with
respect to the target region of an anode of cylindrical shape;

FIG. 26 1s an 1llustration of the take-off angle defined with
respect to the target region of an anode of cylindrical shape
with an inclined peripheral rim;

FIG. 3 1s an overhead view of the anode showing the target
region;

FIG. 4 1s a cross-sectional view of an anode according to
one particular embodiment;

FIG. 5 1s a schematic of the X-ray source according to one
embodiment of a so-called parallel configuration;

FIG. 6 1s a schematic of the X-ray source according to
another embodiment of a so-called parallel configuration;

FIG. 7 1s a schematic of a device to deliver a high energy
X-ray beam according to the invention illustrating the collec-
tion angle of the optic along the meridional direction;

FIG. 8 1s a schematic of a device to deliver a high energy
X-ray beam according to the invention, illustrating the col-
lection angle of the optic along the sagittal direction;

FIG. 9 1s a schematic of the horizontal use of the device 1n
which the X-ray source 1s arranged 1n a parallel configuration,
for a use 1n which it is possible to cause the angle of incidence
of the X-ray beam to vary on a sample also arranged horizon-
tally.
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DETAILED DESCRIPTION OF THE INVENTION

First, 1t 1s to be noted that a monochromatic beam 1n the
meaning of the invention 1s a beam whose distribution per
spectral unit 1s substantially centred on a characterizing
energy (Ec) for which the energy distribution (AE) 1s less than
a few percent (AE/Ec 1s less than a few percent). The beam
may also comprise no more than 1 to 2% parasitic radiations
(other characteristic energies such as the K beta energies of
copper and bremsstrahlung which 1s an intrinsic characteris-
tic of the X-ray target).

As 1llustrated FIG. 1, a device 1s proposed to deliver a high
energy X-ray beam (typically more than 4 keV) integrating a
continuous emission X-ray source 10, and an X-ray optic 20
to condition the X-ray beam emitted by the source 10, prei-
erably with a two-dimensional optic effect.

This type of source differs from sources with rotating
anodes used in the medical sector which are based on a
discontinuous operating cycle alternating exposure times (a
few seconds) and cooling cycles (a few minutes) needed to
evacuate the heat accumulated during the exposure time.
These anodes typically use electron powers that are much
higher (at times several tens to several hundred kWatts) but

operate with discontinuous thermal and mechanical stress on
the anode.

In the invention, as 1n the case of conventional rotating
anodes used 1n the area of X-ray analytical instrumentation,
the source 10 operates continuously. The area of application
of the mvention requires high utilization rates of associated
equipment (just-in-time applications such as semiconductor
metrology). Also some research applications may require
exposure times of samples to X-ray beams which are typically
several hours even several days for one same sample (such as
tor protein crystallography). Even if the user makes a pause or
when samples are changed, the X-ray sources are typically
maintained at their nominal power or at reduced power (1.¢.
power reduced by around 80% compared with the nominal
power) (a safety shutter positioned at the outlet of the source
or of the X-ray optic 1s then held 1n closed position to block
the emitted X-ray beam).

The X-ray source used with rotating anode emits high
energy X-rays adapted for X-ray instrumentation (X-ray dii-
fraction, X-ray fluorescence). By high energy 1s meant X-ray
emission energies ol more than 4 keV, and preferably between
4 and 25 keV. The X-ray sources used are typically based on
X-ray targets 1n copper, molybdenum, silver, chromium (gen-
eration ol X-rays from excitation of K line electrons of these
atoms) or tungsten (generation of X-rays from excitation of L
line electrons of tungsten).

As already indicated, the performance level (effective tlow
paying heed to conditions of divergence, spectral purity, and
occupied space) of X-ray beam delivery systems for X-ray
analytical applications 1s directly proportional to the bril-
liance of the source.

The brilliance of the source depends on the density of
clectron beam power on the target, 1.e. the power of the
clectron beam per unit area of the X-ray target exposed to this
beam.

Yet, 1t 1s possible to increase the density of electron beam
power on the target by reducing the focal spot size of the
source with improved thermal dissipation. It follows that the
focusing of the electron beam on the target region with an
impact shape of small size makes 1t possible to obtain densi-
ties of high power, and to reduce the total effective power of
the electron gun which has advantages in terms of system use
and environmental costs.
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The X-ray source 10 used in the device of the mnvention
consists of coupling a low power electron gun 11 with a
rotating anode 12 1n a particular arrangement and functioning
mode so as to emit an X-ray beam characterized by a point
focal spot of reduced dimensions.

The densities of electron beam power obtained with a
device conforming to the mvention are comparable to, even
better than, those of known devices operating at high power.
This arises most clearly from Table 1 below.

TABLE 1
Size of
target region Density of
Power of (apparent clectron
electron focal spot of power on the
oun the source) target
Known high power 2,000 W 70 um x 700 pm 40 kW/mm?”
device (70 um)
Embodiment 1 of 300 W 30 pm x 300 pm 33 kW/mm?
the invention (30 um)
Embodiment 2 of 200 W 20 pm x 200 pm 50 kW/mm?
the invention (20 um)
Embodiment 3 of 100 W 10 pm x 100 um 100 kW/mm?
the invention (10 um)

Therefore, the proposed source 10 can be particularly com-
petitive 1in terms of brilliance, even though the required elec-
tron beam powers are 6 to 20 times lower.

It 1s to be noted that, while brilliance 1s a determinant
parameter of the system delivering an X-ray beam, the choice
of adapted source size 1s also strongly dependent on the
elficiency of the associated X-ray optic element. Each appli-
cation 1s elfectively associated with optimal or permissible
flux distribution 1n space, angle space, and 1n the spectrum.
Therefore, eflicient optical elements are required to achieve
the necessary beam transiormation.

The invention notably applies to priority areas of applica-
tion, which are detailed below, and to associated source-optic
couplings.

Power of the Electron Gun and Anode Sizing

According to the mvention, the source 10 comprises an
clectron gun 11 comprising a cathode 111 and focusing
means 112 allowing an electron beam to be focused on a
target region 121 of a rotating anode 12. The anode 12 and the
clectron gun 11 are placed 1n a vacuum chamber 13.

As already indicated, the electron gun 11 1s designed to
operate at low power, typically less than 400 watts (W). It 1s
speciflied that this power corresponds to the power of the
clectron beam impacting the anode. The electron gun 11

comprises a cathode 111 emitting an electron beam of given
cross-section.

The electron gun 11 1ncludes focusing means 112 for the
electron beam extracted from the cathode 111, to focus the
clectron beam on a target region 121 of the anode 12 1n a
particular shape. More precisely, the shape of the target
region 121 1s substantially elongate (elliptical for example),
which allows better distribution of the energy transmaitted by
the electron beam at the target, and hence better distribution
of corresponding heating.

The clongate shape of the target region can be globally
characterized by a small dimension (v) and a large dimension
(W) (see FIG. 3). These dimensions may for example corre-
spond to the short axis and long axis respectively 1f the shape
1s elliptical. The small dimension 1s typically chosen to be
between 10 and 30 micrometers (um), the large dimension
possibly being 3 to 20 times larger than the small dimension.
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Since the anode 12 1s driven 1n rotation, the corresponding
target 123 on the anode 1s more extensive than the focusing
target region 121 of the electron beam. This target 123 1s
typically ring-shaped as can be seen FIG. 3. The target pret-
erably has a surface corresponding to the effective surface
generated by the shape of the target region 121 and rotation of
the anode 12. Provision may also be made, however, for a
target 123 of greater size, with a ring width that 1s greater than
the width of the target region 121, so as to facilitate placing,
the target 123 on the target support 122. In one particular
embodiment, the target 123 and the support 122 are merged.,
so that the anode assembly 12 could serve as target. As
already mentioned above, the target 123 1s formed of a mate-
rial adapted to the desired X-ray characteristics.

Preferably, the anode 1 forms a rotating part with a diam-
cter of between 100 and 250 mm. For example, an anode 12
can be used having a substantially cylindrical shape defined
by two circular surfaces forming the bases of the anode, the
two surfaces being joined by a side wall forming the edge of
the anode. In this case, the X-ray target 123 1s typically in the
form of a ring arranged on the periphery of the anode (see
FIGS. 2a and 3). According to another embodiment, the
anode 12 has a sloped peripheral surtace as illustrated FIG.
2b. According to one embodiment, this sloped portion 1s
tformed by the geometry of one of the surfaces forming the
bases of the anode. According to another embodiment, the
anode 1s formed so that the edge of the anode forms said
sloped portion.

The centre of the X-ray target which will effectively be
exposed to the electron beam may be positioned close to the
edge of the anode (typically at a distance of less than 10 mm)
so that 1t 1s possible to minimize the distance between the
focal spot characterizing the X-ray beam emitted by the
source and the X-ray optic, for the purpose of increasing the
collection angle of the optic.

The impact of the electron beam on the target of the anode
12 leads to emission of X-rays in all directions from the
surface of the anode 12.

Provision 1s made for an exit window 14 arranged in the
chamber 13 to allow transmission of an X-ray beam, this
X-ray beam being characterized by a mean direction of propa-
gation. The exit window may be a beryllium window for
example.

The term take-ofl angle a 1s used to designate the angle
formed by the mean direction of the X-ray beam passing
through the exit window and collected by the X-ray optic,
with the mean plane of the target region from which the X-ray
beam 1s derived.

FIGS. 2a, 2b, and 3 1llustrate the take-oif angle a and the
reduction factor of the large dimension (W) of the target
region for collection at said angle. The apparent size of the
tocal spot of the source for the optic positioned downstream
corresponds to size (a).

The use of a take-oif angle a of between 3° and 20° makes
it possible to obtain a substantially point focal spot of appar-
ent diameter (a) for the optic assembly placed downstream of
the source from an X-ray region area illuminated by the
clectron beam under an elongate profile with a large dimen-
sion (W) and a small dimension (v). The use of this grazing
take-off angle 1s critical for the area of application of the
invention since 1t allows an X-ray beam to be obtained which
leaves the X-ray source characterized by a quasi-point focal
spot from a target region of elongate shape.

It 1s to be noted that the take-oil angle ¢ has an 1impact on
the intensity of the X-ray beam which can be collected by the
two-dimensional optic assembly 20. The intensity emitted by
a point of the target varies according to the take-off angle (the
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emitted itensity increases with the take-ofl angle, this iten-
sity reaching a threshold value from a take-off angle 1n the
order of 10° to 20° depending on the energy under consider-
ation and the target maternial). A take-oil angle lying between
3° and 20° ensures a good compromise between the intensity
of the beam emitted by the target 121 and the reduction in the
emission region ensuring a substantially point focal spot for
the optic 20 and good distribution of heat load on the surface
of the target. According to one preferred application of the
invention, the optic assembly 20 1s arranged downstream of
the source at a take-oif angle of between 6° and 12°, which
ensures a reduction 1n the large dimension W of the target
region by a factor of between 5 and 10.

It 1s to be noted that a take-oil angle of 15° to 20° (small
reduction of large dimension W) may be given priornty if
focusing of the electron gun 11 1s difficult and does not allow
an electron beam to be obtained having a section with strong
asymmetry (e.g. 30 um by 300 um). In this case, preference 1s
to be given to lesser asymmetry of the electron beam, whilst
increasing the density of the electron beam to maintain a high
brilliance level.

As illustrated FI1G. 25, the take-oif angle oo may be obtained
via a local incline of the anode 12 at the target 123. This
incline . of the target allows the X-ray beam to be collected
downstream of the source 1n a direction substantially perpen-
dicular to the axis of rotation.

The particular focusing of the electron beam on a small-
s1ze target region of elongate shape, and the particular posi-
tioning of the exit window allows a source to be obtained
emitting an X-ray beam characterized by a source focal spot
ol apparent point-size for the X-ray optic placed downstream
of the source.

There 1s heating at the target region 121 of the anode 12,
even 1f heating 1s limited by the elongate shape of the target
region, and by the low power of the electron beam.

First, the anode 12 must be driven 1n rotation at high speed.
A high peripheral speed can limit the peak temperature of the
X-ray target (the peak temperature being the temperature
reached by the X-ray target after passing under the electron
flow). This temperature must be lower than the melting point
of the target material under consideration, and lower than the
sublimation temperature at the pressure of the vacuum cham-
ber under consideration (which is typically between 10~°
mbar and 10~ mbar).

Table 2 gives the heating (temperature increment due to
passing under the electron tlow) calculated as a first approxi-
mation for a configuration of the mmvention at a peripheral
speed of 280 meters per second (m/s) (200 W, 20 umx200 wm,

speed o1 35,000 rpm with an anode of diameter 150 mm), and

shows a comparison with a conventional source configuration
(1,200 W, 70 umx700 um, speed of 12,000 rpm with an anode
of diameter 100 mm).

TABLE 2
Power of Estimated
electron Size of temperature
gl target region increment AT
Known high power 1,200 W 70 pm x 700 pm 820° C.
device
Embodiment 2 of 200 W 20 pm x 200 pm 184° C.

the invention

The calculation of increment for the embodiment of the
invention was made taking into account a heating depth of 6
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um. With respect to the high power device cooled with water,
the formula 1 FIG. 14 of patent application U.S. Pat. No.

6,823,042 was applied.

As 1ndicated 1n the above results, the temperature incre-
ment 15 lower than for known sources (no sudden heat stress
cycle).

For use of peripheral speeds 1n the order of 200 m/s or
more, the mvention comprises a motor with magnetic bear-
ings 15 setting 1n rotation the motor shait 16 supporting the
rotating anode 12 at frequencies of more than 20,000 rpm, the
rotating anode having a size of between 100 and 250 mm.

The use of said motor further provides the guarantee of
increased stability of the system, since the motor with mag-
netic bearings limits the transmission of any vibrations to the
anode. This type of motor 1s all the more advantageous since
the rotation speed of the anode 1s higher.

It 1s also appropriate to use a cooling system to provide
additional cooling of the anode 12.

For this purpose, 1t 1s proposed to use a cooling system by
emission to evacuate, by radiation, part of the energy trans-
mitted by the electron beam to the anode 12. The cooling
system may typically consist of emissive surfaces 124 corre-
sponding to the surface of the target support 122 or to emis-
stve coatings arranged on the target support 122 making it
possible via radiation to evacuate a large part of the power of
the electron gun which will be absorbed by a surface orpart 17
arranged facing the anode 12, this surface or part 17 being
cooled with water (cooling by forced convection of a heat-
exchange liquid 1nside the part).

The use of an anode of size between 100 and 250 mm
allows a sutficient surface to be obtained to evacuate a maxi-
mum power in the order of 300 Watts from an emissive
surface 124 held at a suitable temperature (between 300 and
600° C.) and grouping together a large part of the anode.

Provision may also be made to arrange heat insulation
clements between the motor shait 16 and the support 122 to
avold overheating of the motor shatt 16. It 1s to be noted that,
despite the integration of an insulating part between the shatt
and the rotating anode, a power 1n the order of a few tens of
Watts can be transmitted to the motor shatt.

The X-ray target 1s typically arranged on a support 122
consisting of a material with high mechanical and thermal
resistance (creep resistance). The anode block assembly 1s
defined so as to limait stress from the magnetic bearings.

To 1llustrate the thermal behaviour of the rotating anode
such as considered 1n the 1invention, Table 3 1dentifies varia-
tions 1n mean temperature (I mean) on the surface of an anode
comprising a copper target, and variations in peak tempera-
ture (Tpeak) 1n relation to anode size (the anode corresponds
to a cylinder of the diameter specified below and hollowed as
per a cylinder of diameter SO mm) for a rotation frequency set
at 30,000 rpm. Copper 1s given by way of 1llustration on
account of 1ts melting point which is relatively low (compared
with refractory metals such as tungsten and molybdenum).

Table 3 gives an estimated temperature increment and esti-
mated mean temperature on the surface of the anode neces-
sary to evacuate a given power 1n relation to anode surface.

TABLE 3
Mean Peak
Diameter of the temperature temperature Linear speed
anode (mm) (° Kelvin) (° Kelvin) (m/s)
200 556 710 314
150 638 843 236
90 837 1179 141
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in which:

Tmean corresponds to the temperature on the surface of the
anode which, at equilibrium, allows evacuation of 300
Watts with an emissive surface having high radiating
powder (high emissivity (e) set at 0.9) and a surface S (S
varying according to the diameter of the anode), and

Tpeak being the maximum temperature reached by the
copper target alter passing under the electron flux.

System Setting the Rotating Anode in Rotation

As indicated above, the rotating anode 12 1s preferably set
in rotation by a motor shait sub-module 16 whose motor 15
allows fast rotation at frequencies greater than 20,000 rpm.

According to one particular embodiment of the invention,
the motor and the driving system are sealed via an impervious
wall. Pumping of the X-ray source 1s ensured by a secondary
pump attached to a primary pump.

According to another embodiment of the invention, the
rotating anode 12 1s set 1n rotation by the motor shaft of a
turbomolecular pump to cause the anode to travel under the
clectron flow emitted by the electron gun 11, whilst driving
the rotor of the turbomolecular pump for the purpose of
producing a secondary vacuum 1n the vacuum chamber of the
X-ray source. It 1s to be noted that the vacuum pump which 1s
used to set the rotating anode in rotation 1s preferably of
turbomolecular pump type with magnetic bearings.
Rotating Anode Disc

As 1llustrated FIG. 4, and according to one particular
embodiment, the rotating anode 12 consists of a disc consist-
ing of the following elements:

an X-ray target (121) intended to emit X-rays with charac-
teristic energy under excitation by the electron flux (for
example X-rays of the characteristic Copper K alpha
ray).

a support structure (122) (disc or other rotating part) with
suificient thermal conductivity to dissipate the heat over
a large surface, and

an emissive surface (124) (coatings or surface of the sup-
port structure) on the surface of the anode (dissipating
the heat by infrared emission) towards static cooling
clements arranged facing the anode.

In addition, provision may be made to msert in the anode a
sub-layer with very high thermal conductivity (125) under-
neath the target (121) to allow additional evacuation of the
heating of the target (121) (to reduce the mean temperature
and peak temperature of the target (121)).

When the target passes under the electron beam, the target
clfectively undergoes local heating which may be of several
hundred degrees (even i1 this 1s reduced compared with con-
ventional rotating anodes). Having regard to the high mean
temperatures of the anode resulting from cooling by radia-
tion, 1t may be advantageous to arrange under the target a
layer with very high thermal conductivity to increase the heat
evacuation capacity of target notably during exposure of the
target to the electron flux.

According to one preferred application of this embodi-
ment, the sub-layer with high thermal conductivity 125 1s a
diamond layer. Diamond has the advantage of having very
high thermal conductivity (which may be 5 times greater than
that of copper which 1s one of the materials with the highest
thermal conductivity amongst the target materials used).

I1 this sub-layer with high thermal conductivity 1s used, a
very thin thickness of the target (121) 1s to be sought so as to
maximize the thermal energy evacuated during the exposure
time. Typically a target thickness of the order of 10 um 1s to be
sought, whereas, 1n prior art X-ray sources, the target thick-
ness 1s typically of the order of 100 um (for reasons of ease of
implementation).
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It 1s to be noted that the depth of X-ray emission in the
target 1s typically between 3 and 5 um (depending on mate-
rials) for acceleration voltages of electrons 1n the electron gun
of 50 to 60 kV.

A compromise could be sought between the intensity of the
emitted X-ray beam and the heating of the target, 1n particular
using a reduced target thickness relative to the effective depth
of X-ray generation 1n the target. The seeking of said com-
promise could be particularly advantageous i a diamond
layer 1s used having high thermal conductivity and which will
not generate critical parasitic radiation for the system deliv-
ering high energy X-ray beams. By reducing the size of the
target, part of the sub-layer can be exposed to the electron
flow. Under the impact of an electron beam, a diamond layer
essentially only emaits low energy X-rays (1n the order o1 300
¢V ) which moreover are absorbed 1n air or filtered by the optic
clement 20. When seeking said compromise, a target (121) of
thickness typically less than 5 um can be used.

It 1s to be noted that the presented systems for setting in
rotation at high speed have a heat evacuation capability at the
shaft which remains limited, and cannot therefore reach tem-
peratures of more than 100° C. or 150° C. Therefore, accord-
ing to one preferred embodiment of the invention, the rotating
anode or the rotating anode structure 1s connected to a thermal
insulation element with low thermal conductivity (insulator
clement having a conductivity of no more than a few W/m-K)
positioned between the anode 12 and the motor shaft 16.
Parallel Positioning of the Electron Gun Relative to the Rota-
tion Axis of the Anode

According to one particular embodiment of the mvention,
the electron gun 11 1s positioned 1n a so-called parallel con-
figuration, so that it is able to focus an electron beam (Fe) onto
the base of the anode as illustrated FIGS. 5 and 6, and not onto
the edge of the anode 12 as 1s generally the case for X-ray
sources used 1n the analytical sphere.

In this respect, the axis of the electron gun 11 may therefore
lie substantially parallel to the rotary shait 16 of the rotating
anode 12. Normal incidence of the electron gun 11 relative to
the target maximizes the yield of X-ray generation.

It 1s to be noted that the electron gun 11 may be tilted a few
degrees to a few tens of degrees relative to the rotary shaft 16
of the anode 12. Said configuration may be given priority 11 1t
1s desired to have an electron beam of more symmetrical
dimensions (which may be simpler 1in terms of implementa-
tion of the electron gun and its focusing means) but with high
clectron density. The angle of the electron beam will then
ensure exposure of the target region (121) 1n a desired elon-
gate shape to minimize heating of the target.

According to one particular embodiment i1llustrated FIG. 6,
the gun 11 1s also positioned so that the electron beam (Fe) 1s
parallel to the rotary shatt 16 of the rotating anode 12, but the
clectron gun 11 1s positioned on the side of the rotation system
15. According to this embodiment, the rotating anode 12
needs to have a larger diameter than the base of the rotation
system 15 to allow integration of the electron gun 11 on the
side of the rotation system 13 relative to the plane of the
rotating anode 12.

For this configuration, a rotating anode 1s therefore chosen
of larger diameter than the diameter of the rotation system 135
making 1t possible to place the rotation system side by side
with the electron gun. Typically, the anode may have a diam-
cter of 200 mm for a gun and rotation system 15 having a
diameter of around 100 mm.

With said configuration, 1t 1s possible to improve the com-
pactness of the source block and also to reduce the weight of
the device. Having regard to the dimensions of the electron
beam required on the target, the electron gun may have a
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relatively elongate shape (of several tens of centimeters) to
ensure the necessary focusing, which leads to a long source
length (the length being determined along direction Y).

In addition, if the rotating anode 12 1s set 1n rotation by the
motor shaft of a turbomolecular pump, the heat evacuation of
the anode by radiation may require a large anode diameter
compared with the pump diameter required for pumping the
system or the part of system under consideration. This 1s
notably the case when the electron gun requires own pumping
and the pump setting the anode in rotation solely ensures
pumping of that part of the chamber containing the anode.
Own pumping of the electron gun may 1n particular be nec-
essary for certain electron gun technologies requiring a large
vacuum (in the order of 10~7 mbars) such as electron guns
containing impregnated cathodes or with LaB6 filament.

The configuration 1llustrated FIG. 6 can notably be given
preference to limit the asymmetry of the source block and to
reduce the dimension 1n vertical direction (1.e. 1 directionY)
to obtain a source block having a size in the order of 30 cm”.

Additionally, this solution allows the passing of cables
(high voltage cables of the electron gun, connections of the
turbomolecular pump with the primary pump) on only one
side (the side of the rotation system and electron gun). There-
fore, the integration of the device 1n X-ray diffractometers or
XRF spectrometers 1s made simpler.

It 1s to be noted that, if the electron gun 1s oriented parallel,
it will be sought that the elongate dimension (W) of the target
section exposed to the electron beam 1s arranged radially
relative to the anode, and the smallest dimension (v) 1s
arranged 1n a direction substantially tangent to the surface of
the anode (and hence perpendicular to the axis of rotation).
Said configuration 1s illustrated FI1G. 3. It allows the anode to
be set 1n rotation 1n the direction of the smallest dimension of
the target, making 1t possible to reduce the temperature incre-
ment of the target when 1t passes under the electron tlow.

As already indicated, the collection of the X-ray flux is
ensured by an exit window (typically consisting of a beryl-
lium window) through which the X-rays are emitted which
are to be collected by the X-ray optic.

Regarding the orientation of the electron beam on the target
(1.e. with focusing on the base of the anode) 1t 1s generally
sought to collect X-rays 1n a substantially radial direction
relative to the surface of the anode (to maintain a grazing
take-oif angle for the purpose of reducing the elongate dimen-
sion W). The X-ray collecting direction may be inclined at an
angle a relative to the radial direction (as i1llustrated FIG. 2a).

It 1s to be noted that, with an optic having a high capture
angle p 1 a dimension in space 1.e. with angle 5 typically of
several degrees (such as for multilayer X-ray optics produc-
ing a two-dimensional effect by single reflection, or double-
curved crystals), a preferred orientation of the optic 1s defined
sO as to ensure a relatively homogeneous distribution of pho-
ton tlow at the mput to the optic. The application of this
preferred orientation will be notably more critical 11 the take-
off angle . 1s small (for example 3° to 6° compared with a
take-ofl angle of 20°).

Said preferred orientation may particularly be sought for a
multilayer optic with single reflection in which the capture
angle of the optic 1n the sagittal direction (p< 1n FIG. 8) may
be greater than the capture angle 1n the meridional direction of
the optic (3,,1n FIG. 7).

The optic assembly will then be oriented in a horizontal
position (as 1illustrated FIG. 7) in which the beam section
comprising the greatest angle distribution (1.e. the section for
which the angle distribution 1s 3) 1s substantially parallel to
the plane of the X-ray target. This position 1s to be distin-
guished from the vertical position as illustrated FIG. 8 1n
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which the beam section comprising the greatest angle distri-
bution (1.e. the section for which the angle distribution 1s )
1s substantially perpendicular to the plane of the X-ray target.
In reality, the planes are slightly inclined on account of the
take-off angle with a rotating anode comprising a target 123
which 1s not inclined relative to the surface of the anode (as
illustrated FI1G. 2a). The mean direction of the capture angle
ol the optic merges with the mean direction of the X-ray beam
defined by the take-oil angle (1t 1s specified 1n this respect that
FIGS. 7 and 8 are figures intended to 1llustrate the collection
angles of the X-ray optic 20 in the two directions in space, and
that the illustration of the mean direction of the X-ray beam
collected by the optic does not conform to reality in which this
direction 1s substantially aligned with the take-oif angle o).

Horizontal positioning of the optic (as illustrated FIG. 7)
can ensure that there 1s no major variation in the intensity of
the focal spot for the optic placed downstream of the source,
which globally permits the flux leaving the optic to be
increased.

Source-optic Coupling

The X-ray beam delivering device integrates a source such
as described above coupled with a conditioning element com-
prising an X-ray optic adapted to produce a two-dimensional
optical effect, such as focusing or collimation of the X-ray
beam emitted from the source in the two dimensions of space
transverse to the mean direction of propagation of the X-ray
beam.

This X-ray optic may therefore be a polycapillary optic or
an optic of monochromator type. According to one preferred
embodiment of the invention, notably for monochromatic
applications, the X-ray source 1s coupled with an optic having
a multilayer coating or a crystal curved 1n two dimensions.

It 1s found that the coupling of the source with an optic
having a two-dimensional effect through single reflection 1s
extremely advantageous. Said optic effectively allows the
intensity loss of the X-ray beam to be limited, since 1t enables
a two-dimensional optic effect to be obtained with a single
reflection.

In addition, a collimator 30 may be provided at the outlet of
the X-ray optic.

Use of the X-ray Beam Delivering Device for Applications
with Monochromatic Collimating Beam

Some applications with high angle resolution, such as
SAXS applications (Small Angle X-ray Scattering) or high
resolution diffraction applications require a collimating
monochromatic beam1.e. with a divergence 1n the order o1 0.5
to 1 milliradian.

Said beam properties can be obtained by coupling a micro-
focus source with an optic with multilayer coating, and with
two-dimensional effect. The optic may be a single reflection
optic, or amultilayer optic with a configuration of Kirkpatrick
Baez or Montel type in which double reflection 1s necessary to
obtain a two-dimensional optic effect.

It1s to be noted that developments in fabrication techniques
of X-ray optics have brought a reduction 1n shape errors. It 1s
therefore possible, using a single reflection multilayer optic in
the shape of a portion of paraboloid of revolution, to collimate
a beam derived from a point source with only a small contri-
bution to residual divergence resulting from shape errors of
the optic.

The use of a source with smallest focal spot makes 1t
possible to reduce the residual divergence due to the size of
the source. Residual divergence of a source 1s given by
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L]t~

in which p 1s the distance between the focal spot of the X-ray
source and the centre of the optic, L 1s the length of the optic
and d, the size of the apparent source collected by the optic.

With the use of a source of reduced size, the optic can be
brought closer to the source and the size of the optic can be
reduced (which allows the

L]t~

factor to be reduced), without too much increase 1n residual
divergence. By placing a small-size optic very close to the
source, 1t 1s also possible to reduce the size of the beam
leaving the optic for a given capture angle (and hence a given
flux).

The coupling according to the imvention therefore allows
flux density to be increased for high angular resolution appli-
cations, by obtaining a beam of reduced size at the outlet of
the optic, compared with a configuration based on a source
with a greater focal spot size (100 um).

It 1s specified that, for a collimating optic, the size D of a
collimating beam leaving the optic 1s given by

The capture angle p 1s typically limited for multilayer optics
using symmetrical divergences at values in the order of 1.5°
(typical values for optics retlecting Copper Ka. and Molyb-
denum Ka energies). For relatively short working distances
between the optic and the sample, for which residual diver-
gence ol the beam leaving the optic does not increase spot
s1ze, D can be considered as being the size of the beam on the
sample.

The invention 1s particularly advantageous for applications
requiring a collimated beam with strong flux density or a high
flux on a sample spot of less than one millimeter and 1n the
order of a few hundred micrometers.

By way of example, for high resolution diffraction appli-
cations requiring a monochromatic beam of 400 um and
taking into account the maximum capture angle of optics with
multilayer coatings, which 1s in the order of 1.5°, the mini-
mum positioming distance of the optic input can be calculated
relative to the focal spot of the source, which 1s around 2 cm.
For required beam divergences in the order of 1 milliradian
and taking into consideration this source-optic distance, a
maximum source size of 20 um 1s calculated.

The 1mvention therefore advantageously applies to high
angular resolution applications requiring a beam with diver-
gence of between 0.5 and 1 milliradian on a sample of size
between 100 um and 1 mm. According to one preferred appli-
cation of the invention, the source size (1.e. the apparent focal
spot of the source seen by the optic) 1s between 20 and 30 um,
and the X-ray optic 1s positioned at a distance of between 2
and 5 cm (distance between the focal spot of the X-ray source
and the inlet of the X-ray optic).
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Use of the Monochromatic X-ray Beam Delivering Device
with Symmetrical Convergence for Monocrystal Difiraction
Applications or for Thin Film X-ray Difiraction Applications.

The invention can be advantageously used for applications
requiring a monochromatic beam having symmetrical con-
vergence 1n the order of 0.2° to 0.3°, for sample sizes ranging,
from 30 to 200 um. These may concern protein monocrystals
or test regions on silicon wafters.

The X-ray beam delivering system then comprises an optic
with focusing multilayer coating. According to one preferred
application of the invention, this optic may be a single retlec-
tion optic with toroid or ellipsoid of revolution shape for
example, and a gradient multilayer coating.

The effective flux F on a sample of given dimension D for
a source-optic assembly integrating a point source and an
1ideal focusing optic (with no shape aberration and with opti-
mized reflectivity) in two dimensions 1s given by the formula:
F=Bxy*xD” in which B is the brilliance of the source, v, the
convergence of the beam leaving the optic.

It 1s to be noted that the maximum capture angle 3 for
multilayer optics with symmetrical convergence 1s in the
order of 1.5° (limits on gradients of multilayer coatings to
maintain Bragg’s law on the surface of the mirror).

The X-ray beam delivering system according to the inven-
tion permits an increase 1n elfective flux for the convergence
applications specified above (1.e. convergence of symmetrical
beams inthe order 01 0.2 to 0.3°). As an example of diffraction
applications with a required convergence of 0.3° for a sample
of 150 um, the invention can be applied using an optic of
magnification 5. The size of the required source 1s therefore
30 um. It 1s specified 1n this respect that, for applications
requiring focusing over a distance of 20 to 30 cm relative to
the optic, the centre of the optic must be positioned at a
distance of between 4 and 6 cm from the focal spot of the
X-ray source. The system, such as claimed, will therefore
achieve a gain in eflective flux proportional to the gain 1n
brilliance of the source.

The invention will have a particular advantage for difirac-
tion applications on samples of 30 to 50 um, for which optics
with small magnification can be used.

Use of the X-ray Beam Delivering Device with Asymmetric
Convergence or Divergence

The invention particularly applies to X-ray diffraction
applications requiring a monochromatic beam with asym-
metric convergence (1.¢. with an asymmetry of factor 2 or
more) necessitating a beam section of around 30 to 100 um at
the sample (the sample typically being placed at a distance of
around 20 to 30 cm).

For these types of application, the X-ray beam delivering
system 1s typically coupled with a single reflection optic with
multilayer coating or double-curved crystal. The imnvention
proves to be particularly advantageous in that the use of a
small-size source with low residual divergence allows elli-
cient use of the defining slots at the output of the optic (the
definitions lots being used to define asymmetric divergence).
Use of the X-ray Beam Delivering Device for X-Ray Metrol-
ogy Applications

According to one particular embodiment, the delivery
device 1s used for X-ray metrology applications which may
require angle variations of the X-ray beam emitted by the
source with respect to a sample held 1n horizontal position
(such as a silicon water for example). This may be particu-
larly the case 1n X-ray metrology applications for the fabri-
cation of semiconductors integrating different measurement
capabilities for one same sample, for example:
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X-ray reflectometry with grazing incidence relative to the

sample,

or X-ray diffraction with oblique incidence (in the order of

a few tens of degrees) for texture analysis.

Typically for these applications, the silicon wafer 1s held 1n
horizontal position (1t may be moved 1n translation).

Since the water cannot be tilted, the incidence of the X-ray
beam arriving on the water needs to be modified so that 1t 1s
possible to perform the different required measurements
needing different beam incidences.

For this purpose, 1t 1s proposed to position the device so that
the axis of rotation of the anode 1s substantially horizontal,
more precisely so that this axis of rotation i1s substantially
parallel to the mean plane of the wafer.

Also, the device 1s mounted mobile 1n rotation about this
same axis of rotation so as to allow rotation of the device
assembly. The particular configuration of the device of the
invention according to which the electron gun is positioned so
that 1t 1s able to focus an electron beam on the base of the
anode makes 1t possible, through rotation of the X-ray deliv-
ery device about the axis of rotation of the anode, to modity
the 1incidence of the beam striking the water to be treated (as
illustrated FIG. 9).

This configuration has particularly advantageous applica-
tion if the anode (12) comprises a target (123) that lies at an
angle relative to the anode surface at the desired take-off
angle for the X-ray beam collected by the X-ray optic (case 1n
FIG. 25). The setting 1n rotation of the device around the axis
of rotation of the rotating anode, 1f the X-ray beam 1s perpen-
dicular to the axis of rotation, allows better control over the
angle of mcidence on the sample.

This 1s particularly advantageous since this configuration
does not modily the inertia of the motor shaft and of the
rotating anode, and therefore does not place stress on the
rotation means for the rotating anode, and in particular the
magnetic bearings, by modifying the angle of the beam rela-
tive to the horizontal sample.

The axis of rotation of the rotating anode effectively does
not need to be inclined relative to an original angle of incline
when a change 1n configuration 1s made corresponding to
different angles of incidence of the X-ray beam on the sample.

Therefore, to ensure the variations 1n angle of incidence
illustrated FIG. 9, it 1s notably possible to cause the X-ray
beam delivery system to rotate about the axis of rotation of the
anode 12. Said arrangement coupled with the so-called par-
allel configuration described above makes it possible not to
modily the inertia of the anode, contrary to what might be
needed for an orthogonal configuration in which the electron
ogun lies 1n orthogonal position with respect to the rotation
axis of the target.

It 1s to be noted that adjustment of the incidence of the
X-ray beam by rotation about the axis of the motor shaft must
be accompanied by translation of the X-ray beam delivery
system 1n order to adjust the distance between the optic and
the water. This additional movement 1n translation of the
X-ray beam delivery system relative to the wafer may also be
carried out at water level by movement of the water.

X-ray Beam Delivery System with Control of Optic Adjust-
ment

As indicated above, the X-ray beam delivery system may
be intended for X-ray metrology applications 1n the semicon-
ductor industry. This gives rise to a major spatial stability
constraint at the source (spatial stability being similar to
variations in the position of the focal spot of the source) in
order to hold the beam stable with respect to a region of the
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sample. Therefore, the spatial stability that 1s typically sought
for the position of the focal spot from the source will be a few
micrometers.

Yet the X-ray beam delivery system under consideration in
the invention integrates a rotating anode set in rotation at very
high frequencies (higher than 20,000 rpm as indicated above).
In addition, on account of anode cooling by emission, the
mean temperature of the anode 1s continuously held at a high
temperature (typically a few hundred degrees). As aresult, the
X-ray source 1s subjected to creep constraints which may lead
to variations in the position of the focal spot over the long
term.

Also, having regard to the high rotation speeds, vibrations
may be generated 1n the system leading to slight misalign-
ment of the electron beam relative to the target. In addition,
wear of the cathode of the electron gun may cause misalign-
ment of the electron gun over the longer term.

To compensate for said variations 1n source position, the
X-ray beam delivery system such as considered 1n the inven-
tion integrates a control system capable of controlling one or
more parameters of the beam leaving the system, of calculat-
ing the appropriate command to be applied to at least one
actuator, this actuator being a motorized adjustment means of
the X-ray optic placed at the outlet of the source so to com-
pensate for variations in position of the source.

More particularly, the actuator consists of means to move
the optic assembly along a given axis. The system such con-
sidered 1n the invention may comprise two actuators corre-
sponding to two motorized adjustment means of the optic
assembly (along an axis Y and an axis Z as illustrated FIGS.
7 and 8).

According to one preferred application of the invention, the
X-ray beam delivery system integrates a single reflection
mirror which makes control over spatial adjustment of the
beam easier, quicker, and more efficient compared with a
system 1ntegrating an X-ray mirror with 2D effect of Kirk-
patrick-Baez or Montel type.

Depending on the type of variation 1n the source, which
may be rather more one-dimensional, the system such as
considered 1n the mmvention may use a single actuator 1.e. a
single motorized adjustment (1.e. along a single axis) to adjust
the position of the optic.

Also, even with two-dimensional adjustment, the proce-
dure for aligning the single reflection mirror 1s more eificient
than with a double reflection mirror.

If the controlled critical parameter is flux, the X-ray beam
delivery system may include an 1onization chamber, as close
as possible to the point image. This 1onization chamber may
therefore be included 1n the beam delivery system. If the
X-ray beam delivery system integrates a collimator at the
optic outlet, the 1onization chamber may be positioned 1n the
collimator between the optic and the exit window of the
collimator.

If the controlled critical parameter 1s the position of the
spot on the sample, the control unit of the beam delivery
system may be connected to a microscope display system,
periodically displaying the fluorescence generated by the
X-ray beam on a calibration fluorescent specimen which may
be part of a waler 11 the system 1s intended for semiconductor
metrology equipment.

The reader will appreciate that numerous modifications
may be made without materially departing from the novel
teachings and advantages described herein. Therefore, any
modifications of this type are to be incorporated within the
scope of the high energy X-ray beam delivery device
described in the foregoing, and 1ts uses.
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The invention claimed 1s:

1. A device to deliver an X-ray beam at energies greater
than 4 keV, comprising:

an X-ray source (10) comprising an electron gun (111)

adapted to generate a continuous beam of electrons onto

atargetregion (121) of an anode (12) for X-ray emission
by the anode (12), wherein

said anode (12) forms a solid of revolution of a diameter
between 100 and 250 millimeters, and 1s fixedly con-
nected to a motor shaft (16) so that 1t 1s driven 1n
rotation by a rotation system (15),and

the electron gun (111) and the anode (12) are arranged 1n
a vacuum chamber (13), said chamber (13) compris-

ing an exit window (14) to transmit an X-ray beam
emitted by the anode (12) outside of the chamber (13),

conditioning means (20) to condition the X-ray beam emit-
ted through the exit window, the conditioning means
comprising an X-ray optic (20) adapted to condition the
X-ray beam emitted with a two-dimensional optic effect,

wherein:

the electron gun (111) 1s designed to emit an electron beam
of a power less than 400 watts, and comprises means
(112) to focus said electron beam on the target region
(121) in a substantially elongate shape defined by a
small dimension (v) and a large dimension (W), wherein
the small dimension (v) 1s comprised between 10 and 30
micrometers and the large dimension (W) 1s 3 to 20
times greater than the small dimension (v),

the rotating anode (12) comprises an emission cooling
system (124) to evacuate, by radiation, part ol the energy
transmitted by the electron beam to the anode,

the rotation system (135) comprises a motor with magnetic
bearings designed to set the rotating anode (12) 1n rota-
tion at a speed of more than 20,000 rpm, and

the exit window (14) 1s arranged so as to transmit an X-ray
beam emitted by the anode (12) so that the X-ray beam
emitted towards the conditioning means (20) 1s defined
by a substantially point-size focal spot of dimension
substantially corresponding to the small dimension (v)
of the shape of the target region.

2. The device of claim 1, wherein the X-ray optic (20) 1s a
single retlection optic.

3. The device of claim 1 wherein the X-ray optic (20) 1s
curved 1n two orthogonal directions to produce a two-dimen-
sional optic effect by single reflection.

4. The device of claim 3, wherein the X-ray optic (20)
comprises a multilayer coating.

5. The device of claim 1, wherein the exit window (14) 1s
arranged 1n the chamber (13) so as to transmit an X-ray beam
whose mean direction forms an angle (o) with the mean plane
of the target region of between 3° and 20°, and preferably
between 6° and 12°.

6. The device of claim 1, wherein the electron gun (111) 1s

arranged so that the electron beam 1s substantially parallel to
the motor shaft (16).

7. The device of claim 1, wherein the anode (12) 1s of a
substantially cylindrical shape defined by two circular sur-
faces forming the bases of the anode (12), the two surfaces
being joined by a side wall forming the edge of the anode (12),
the electron gun (111) being arranged so as to focus the
clectron beam on one of the two bases of the anode (12).

8. The device of claim 1, wherein the anode comprises an
inclined portion at the target region so that the X-ray beam 1s
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collected by the conditioning means 1n a mean direction sub-
stantially perpendicular to the axis of rotation of the anode.

9. The device of claim 8, wherein the conditioming means
(20) are arranged so that the mean direction of the X-ray beam
collected by the optic 1s substantially radial with respect to the
surface of the anode.

10. The device of claim 7, wherein the electron gun (111)
comprises means (112) to focus the electron beam so that the
large dimension (W) of the target region lies radial to the

anode, allowing rotation of the anode to occur 1n the direction 10

of the small dimension (v).

11. The device of claim 6, wherein the electron gun (111)
1s arranged on the same side as the rotation system (15).

12. The device of claim 6, wherein the conditioning means
(20) are arranged so that the inlet to the X-ray optic (20) 1s
placed at a distance from the focal spot of the X-ray source
(10) of between 10 and 30 millimeters.

13. The device of claim 1, further comprising means to shut
off the X-ray beam, arranged at the outlet of the X-ray optic
(20).

14. The device of claim 1, wherein the rotation system (15)
to drive the motor shait (16) in rotation comprises a rotor of a

turbomolecular pump ensuring a secondary vacuum in at least
part of the chamber.
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15. The device of claim 1, wherein the anode (12) com-
prises a diamond layer (125) arranged beneath the target
(123) defined by the target region (121).

16. The device of claim 15, wherein the anode has a target
(123) of thickness less than 5 um.

17. The device of claim 1, further comprising means to
control the position of the focal spot, and a control system
comprising means to move the X-ray optic (20), the move-
ment means capable of modifying the positioning of the
X-ray optic (20) with respect to the focal spot 1n relation to
variations 1n the position of the focal spot determined by the
control means.

18. The device of claim 1, turther comprising an 1onization
chamber arranged at the outlet of the X-ray optic.

19. An X-ray metrology system for a sample, comprising
an X-ray beam delivery device according to claim 6, wherein
the X-ray beam delivery system 1s positioned so that the
motor shait (16) of the anode (12) lies substantially parallel to
a mean plane of the sample.

20. An X-ray metrology system for a sample, comprising
an X-ray beam delivery device according to claim 6, wherein
the device 1s rotatably mounted about an axis merging with
the motor shait (16) and parallel to a mean plane of the

sample.
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